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Origin of the RNA World: The Fate of Nucleobases in Warm Little Ponds
Ben K. D. Pearce1,4, Ralph E. Pudritz1,2,3, Dmitry A. Semenov2, and Thomas K. Henning2
Prior to the origin of simple cellular life, the building blocks of RNA (nucleotides) had to form
and polymerize in favourable environments on the early Earth. At this time, meteorites and in-
terplanetary dust particles delivered organics such as nucleobases (the characteristic molecules of
nucleotides) to warm little ponds whose wet-dry cycles promoted rapid polymerization. We build a
comprehensive numerical model for the evolution of nucleobases in warm little ponds leading to the
emergence of the first nucleotides and RNA. We couple Earth’s early evolution with complex prebi-
otic chemistry in these environments. We find that RNA polymers must have emerged very quickly
after the deposition of meteorites (< a few years). Their constituent nucleobases were primarily
meteoritic in origin and not from interplanetary dust particles. Ponds appeared as continents rose
out of the early global ocean but this increasing availability of “targets” for meteorites was offset by
declining meteorite bombardment rates. Moreover, the rapid losses of nucleobases to pond seepage
during wet periods, and to UV photodissociation during dry periods means that the synthesis of
nucleotides and their polymerization into RNA occurred in just one to a few wet-dry cycles. Under
these conditions, RNA polymers likely appeared prior to 4.17 billion years ago.
Significance: There are currently two competing hypotheses for the site at which an RNA world
emerged: hydrothermal vents in the deep ocean and warm little ponds. Because the former lacks
wet and dry cycles, which are well known to promote polymerization (in this case, of nucleotides
into RNA), we construct a comprehensive model for the origin of RNA in the latter sites. Our model
advances the story and timeline of the RNA world by constraining the source of biomolecules, the
environmental conditions, the timescales of reaction, and the emergence of first RNA polymers.
Keywords: life origins | astrobiology | planetary science | meteoritics | RNA world
One of the most fundamental questions in science is
how life first emerged on the Earth. Given its ubiquity
in living cells and its ability to both store genetic in-
formation and catalyze its own replication, RNA prob-
ably formed the basis of first life [1]. RNA molecules
are made up of sequences of 4 different nucleotides, the
latter of which can be formed through reaction of a nu-
cleobase with a ribose and a reduced phosphorous (P)
source [2, 3]. The evidence suggests that first life ap-
peared earlier than 3.7 Gyr ago (Ga) [4, 5] and thus
the RNA world would have developed on a violent early
Earth undergoing meteoritic bombardment at a rate of
∼1–1000 ×1012 kg/yr [6], which is approximately 8–11
orders of magnitude greater than today [7]. At this time,
the atmosphere was dominated by volcanic gases, and
dry land was scarce as continents were rising out of the
global ocean. What was the source of the building blocks
of RNA? And what environments enabled nucleotides to
polymerize and form the first functioning RNA molecules
under such conditions? Although experiments have pro-
duced simple RNA strands in highly idealized laboratory
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conditions [8, 9], the answer to these questions are largely
unknown.
As to the sources of nucleobases, the early Earth’s at-
mosphere was likely dominated by CO2, N2, SO2, and
H2O [10]. In such a weakly reducing atmosphere, Miller-
Urey type reactions are not very efficient at producing
organics [11]. One solution is that the nucleobases were
delivered by interplanetary dust particles (IDPs) and me-
teorites. During these early times, these bodies delivered
∼6 ×107 kg yr−1 and ∼2 ×103 kg yr−1 of intact car-
bon, respectively [11]. Although nucleobases have not
been identified in IDPs yet, three of the five nucleobases
(uracil, cytosine, and thymine) have been formed on the
surfaces of icy IDP analogues in the lab through exposure
to UV radiation [12]. Nucleobases are found in mete-
orites (guanine, adenine, and uracil) with concentrations
of 0.25–515 parts-per-billion (ppb) [13, 14]. The ultimate
source of nitrogen within them could be molecules such as
ammonia and HCN that are observed in the disks of gas
and dust around all young stars [15–17]. A second pos-
sible source of nucleobases is synthesis in hydrothermal
vents that well up from spreading cracks on the young
Earth’s ocean floors [18]. A potential problem here is
the lack of concentrated and reactive nitrogen sources in
these environments [18].
A central question concerning the emergence of the
RNA world is how the polymerization of nucleotides oc-
curred. Warm little ponds (WLPs) are excellent candi-
date environments for this process because their wet and
dry cycles have been shown to promote the polymeriza-
tion of nucleotides into chains possibly greater than 300
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FIG. 1. History of carbonaceous meteorite deposition in warm little ponds: (A) History of mass delivery rate to
the early Earth and of effective warm little pond (WLP) surface area. Three models for mass delivered to the early Earth
are compared: a Late Heavy Bombardment model, and a minimum and maximum bombardment model. All mass delivery
models are based on analyses of the lunar cratering record [6, 19]. The effective WLP surface area during the Hadean eon is
based on a continental crust growth model [20], the number of lakes and ponds per unit crustal area [21], and the lake and
pond size distribution [21]. (B) Cumulative WLP depositions for the small fragments of carbonaceous meteoroids of diameter
40–80 m landing in any 1–10 m-radius WLP on the early Earth. A deposition is characterized as a meteoroid debris field that
overlaps with a WLP. We assume the ponds per area during the Hadean eon is the same as today, and that all continental
crust remains above sea-level, however we vary the ponds per area by ±1 order of magnitude to obtain error bars. 95% of WLP
depositions in each model occur before the corresponding dotted vertical line. 40–80 m is the optimal range of carbonaceous
meteoroid diameters to reach terminal velocity, while still landing a substantial fraction of mass within a WLP area. 1–10
m is the optimal range of WLP radii to avoid complete evaporation within a few months, while also allowing non-negligible
nucleobase concentrations to be reached upon meteorite deposition. The numbers of carbonaceous meteoroid impactors in
the 20–40 m-radius range are based on the mass delivery rate, the main-belt size-frequency distribution, and the fraction of
impactors that are of type CM, CR or CI [6, 19, 22] (see SI Text).
links [8]. Furthermore, clay minerals in the walls and
bases of WLPs promote the linking of chains up to 55
nucleotides long [23]. Conversely, experiments simulating
the conditions of hydrothermal vents have only succeeded
in producing RNA chains a few monomers long [24]. A
critical problem for polymerizing long RNA chains near
hydrothermal vents is the absence of wet-dry cycles.
Model: Fates of Nucleobases in Evolving WLPs
We compute a well posed model for the evolution of
WLPs, the fates of nucleobases delivered to them, and
the emergence of RNA polymers under early Earth con-
ditions. The sources of nucleobases in our model are
carbonaceous meteorites and IDPs whose delivery rates
are estimated using the lunar cratering record [6, 11, 19],
the distribution of asteroid masses [19], and the fraction
of meteorites reaching terminal velocity that are known
to be nucleobase carriers [13, 22]. The WLPs are “tar-
gets” in which molecular evolution of nucleobases into
nucleotides and subsequent polymerization into RNA oc-
curs. The evolution of ponds due to precipitation, evap-
oration, and seepage constitute the immediate environ-
ments in which the delivered nucleobases must survive
and polymerize1. The data for these sources and sinks
are gathered from historical precipitation records [25],
or are measured experimentally [26, 27]. Sinks for these
molecules include destruction by unattenuated UV rays
(as the early Earth had no ozone), hydrolysis in the pond
water, as well as seepage from the bases of ponds. The
data for these sinks are measured experimentally [27–29].
The nucleobases that survive go on to form nucleotides
that ultimately polymerize.
To calculate the number of carbonaceous meteorite
source depositions in target WLPs on the early Earth,
we combine a continental crustal growth model [20], the
lake and pond size distribution and ponds per unit crustal
area estimated for ponds on Earth today [21], the asteroid
belt mass distribution [19] and three possible mass deliv-
ery models based on the lunar cratering record [6, 19].
This results in a first order linear differential equation
(Equation S18), which we solve analytically. The details
1 We don’t emphasize groundwater-fed ponds (hot springs) be-
cause their small number on Earth today (∼thousands) com-
pared to regular lakes/ponds (∼304 million [21]) suggests they
didn’t contribute greatly to the combined WLP target area for
meteorite deposition.
3are in the SI Text, and the main results are discussed in
the following section.
Nucleobase abundances in WLPs from IDPs and me-
teorites are described in our model by first order linear
differential equations (Equations S34 and S38, respec-
tively). The equations are solved numerically (see SI Text
for details).
Our fiducial model WLPs are cylindrical (because sed-
imentation flattens their initial bases) and have a 1 m
radius and depth. We find these ponds to be optimal be-
cause they are large enough to not dry up too quickly but
small enough that high nucleobase concentrations can be
achieved (see SI Text).
Meteorite Sources and Targets
In Figure 1A, we show the history of meteoritic mass
delivery rates on the early Earth, and of WLP targets.
From total meteoritic mass, we extract just the nucle-
obase sources, i.e. only carbonaceous meteoroids whose
fragments slow to terminal velocity in the early atmo-
sphere. In Figure 1B we show the history of depositions
of such nucleobase sources into 1–10 m radius WLP tar-
gets from 4.5–3.7 Ga.
The lunar cratering record shows either a continuously
decreasing rate of impacts from 4.5 Ga forwards, or a
brief outburst beginning at ∼3.9 Ga known as the Late
Heavy Bombardment (LHB). Due to the lack of lunar im-
pact melts with ages prior to ∼3.92 Ga, the rate of mass
delivered to the early Earth preceding this date is uncer-
tain [30]. Therefore we compare three models for mass
delivery to the early Earth based on analytical fits to the
lunar cratering record [6, 19]: a LHB, a minimum and
a maximum bombardment model. The latter two mod-
els represent lower and upper limit fits for a sustained
declining bombardment, and are subject to considerable
uncertainty [31]. The total target area of WLPs increases
as the rising continents provide greater surface area for
pond sites. An ocean world, in this view, is an implau-
sible environment for the emergence of an RNA world.
Iron and rocky bodies impact the solid surface at speeds
high enough to form small craters [32]; contributing to
the WLP population.
Our calculations show that 10–3840 terminal velocity
carbon-rich meteoroids would have deposited their frag-
ments into WLPs on the Earth during the Hadean eon.
Given the large uncertainty of the ponds per unit area
and the growth rate of continental crust, we vary the
WLP growth function by ± 1 order of magnitude. From
this we get a minimum of 1–384 depositions and a max-
imum of 100–38,400 WLP depositions from 4.5–3.7 Ga.
The optimal model for WLP depositions—the maximum
bombardment model—suggests the majority of deposi-
tions occurred prior to 4.17 Ga. The less optimal mod-
els for WLP depositions, the LHB and minimum bom-
bardment models, suggest the majority of depositions oc-
curred before 3.82 Ga and 3.77 Ga, respectively.
Life Cycles of WLPs
Figure 2 illustrates the variation of physical conditions
for WLPs during the Hadean eon, approximately 4.5–
3.7 Ga. Annual rainfall varies sinusoidally [25], creating
seasonal wet and dry environments. The increased heat
flow from greater abundances of radiogenic sources at
this time [33] causes temperatures of around 50–80 ◦C
[34]. The various factors that control the water level
and thus the wet-dry cycles of WLPs are precipitation,
evaporation, and seepage (through pores in the ground).
In Figure 3A, we present the results of these calcula-
tions. We select two different temperatures (65◦C, and
20◦C) as analogues for hot and warm early Earths. For
each of these, we examine three different environments:
dry, intermediate, and wet (see Table 1 for details). The
water levels in the wet environment WLPs range from
approximately 60–100% full. WLPs experiencing dry
states of approximately half (intermediate environment)
and three-quarters of a year (dry environment) only fill
up to 20% and 10%, respectively. These results clearly
establish the existence of seasonal wet-dry cycles.
Nucleobase Evolution in WLPs
As shown in Figure 2, the build up of nucleobases in
WLPs is offset by losses due to hydrolysis [29], seepage
[27], and dissociation by UV radiation that was incident
on the early Earth in the absence of ozone [28, 35]. Some
protection would be afforded during WLP wet phases, as
a 1 m column of pond water can absorb UV radiation up
to ∼95% [36]. It is of particular interest that sediment,
which collects at the base of WLPs, also attenuates UV
radiation. Studies show it only takes a ∼0.6 mm layer of
basaltic sediment to attenuate UV radiation by >99.99%
[37].
Nucleotide formation and stability are sensitive to tem-
perature. Phosphorylation of nucleosides in the lab is
slower at low temperatures, taking a few weeks at 65◦C
compared to a couple hours at 100◦C [38]. The stability
of nucleotides on the other hand, is favoured in warm
conditions over high temperatures [39]. If a WLP is too
hot (>80◦C), any newly formed nucleotides within it will
hydrolyze in several days to a few years [39]. At temper-
atures of 5–35 ◦C that either characterize more temper-
ate latitudes or a post-snowball Earth, nucleotides can
survive for thousand-to-million-year timescales. How-
ever at such temperatures, nucleotide formation would be
very slow. Considering this temperature sensitivity, we
model the evolution of nucleobases in WLPs in match-
ing warm (5–35 ◦C) and hot (50–80 ◦C) early Earth en-
vironments. Hotter ponds evaporate quicker, therefore
we choose rainier analogue sites on a hot early Earth to
maintain identical pond environments to our warm early
Earth sites.
In Figure 3B, we focus on the adenine concentrations in
WLPs from only IDP sources. The combination of spikes,
4FIG. 2. An illustration of the sources and sinks of pond water and nucleobases in our model of isolated warm little ponds on the
early Earth. The only water source is precipitation. Water sinks include evaporation and seepage. Nucleobase sources include
carbonaceous IDPs and meteorites, which carry up to ∼1 picogram and ∼3 mg of each nucleobase, respectively. Nucleobase
sinks include hydrolysis, UV photodissociation, and seepage. Nucleobase hydrolysis and seepage are only activated when the
pond is wet, and UV photodissociation is only activated when the pond is dry.
TABLE 1. Precipitation models matching dry, intermediate, and wet environments on a warm (5–35◦C) and hot (50–80◦C)
early Earth. Precipitation data from a variety of locations on Earth today [25, 40] represent 2 classes of matching early Earth
analogues: warm (Thailand, Brazil, and Mexico) and hot (Columbia, Indonesia, Cameroon). For example, the conditions in
Mexico on a warm early Earth match the conditions in Cameroon on a hot early Earth. P is the mean precipitation rate, δp
is the seasonal precipitation amplitude, and sp is the phase shift.
Model Environment Analogue Site P (m yr−1) δp sp (yr)
Warm early Earth (5–35◦C) Dry Mexico (MEX) 0.94 1.69 0.3
Intermediate Brazil (BRA) 1.8 0.50 0.85
Wet Thailand (THA) 3.32 0.91 0.3
Hot early Earth (50–80◦C) Dry Cameroon (CAM) 3.5 0.5 0.3
Intermediate Indonesia (IDN) 4.5 0.2 0.85
Wet Columbia (COL) 6.0 0.5 0.3
To obtain the rate of the decrease in pond water for a given analogue site, table values are input into this equation:
dL
dt
= 0.83 + 0.06T − P
[
1 + δpsin
(
2pi(t−sp)
τs
)]
(see SI Text).
flat tops, and troughs in Figure 3B reflects the variations
of adenine concentration in response to drying, balance
of input and destruction rates, and precipitation during
wet periods. In any environment and at any modeled
temperature, the maximum adenine concentration from
only IDP sources remains below 2 × 10−7ppb (see Fig-
ure S6). This is two orders of magnitude below current
detection limits [14], making subsequent reactions negli-
gible. The nucleobase mass fraction curves are practically
independent of pond size (1m < rp ≤ 10 m) once a stable,
seasonal pattern is reached (< 35 years). This is because
although larger ponds have a larger collecting area for
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FIG. 3. Histories of pond water and adenine concentration from interplanetary dust particles: (A) The
change in water level over time in our fiducial dry, intermediate, and wet environment WLPs due to evaporation, seepage,
and precipitation. Precipitation rates from a variety of locations on Earth today are used in the models, and represent 2
classes of matching early Earth analogues: hot (Columbia, Indonesia, Cameroon), and warm (Thailand, Brazil, and Mexico)
(for details see Table 1). All models begin with an empty pond, and stabilize within 2 years. (B) The red and black-dotted
curves represent the adenine concentrations over time from carbonaceous interplanetary dust particles (IDPs) in our fiducial
WLPs. The degenerate intermediate WLP environment used in this calculation is for a hot early Earth at 65 ◦C and a warm
early Earth at 20 ◦C. The blue curve represents the corresponding water level in the WLP, with initial empty and full states
labeled vertically. Three features are present: 1) The maximum adenine concentration at the onset of the dry phase. 2) A
flat-top equilibrium between incoming adenine from IDPs and adenine destruction by UV irradiation. 3) The minimum adenine
concentration just before the pond water reaches its highest level.
IDPs, they have an equivalent larger area for collecting
precipitation and seeping nucleobases.
Dominant Source of Surviving Nucleobases
In Figure 4 we assemble all of these results and com-
pare carbonaceous IDPs to meteorites as sources of ade-
nine to our fiducial WLPs. Small meteorite fragments (1
cm in radius) are compared with IDPs in panel A. The
effects of larger meteorite fragments (5 cm and 10 cm)
on adenine concentration are displayed in panel B.
The maximum adenine concentration in our model
WLPs from carbonaceous meteorites is 10 orders of
magnitude higher than the maximum adenine concen-
tration from carbonaceous IDPs. The reason for this
huge disparity is simply that carbonaceous meteoroid
fragments—each carrying up to a few mg of adenine—are
deposited into a WLP in a single event. This allows ade-
nine to reach ppb–ppm-level concentrations before seep-
age and UV photodissociation efficiently remove it from
the WLP in one to a few wet-dry cycles. The maximum
guanine and uracil accumulated in our model WLPs from
meteorites are also more than 10 orders of magnitude
higher than those accumulated from IDPs (see Figures S7
and S11). A maximum adenine concentration of 2 ppm
is still ∼1–2 orders of magnitude lower than the initial
adenine concentrations in aqueous experiments forming
adenosine and AMP [2], however these experiments only
ran for an hour.
Adenine within larger fragments diffuses over several
wet-dry cycles, and during the dry phase no outflow oc-
curs. For fragments 1, 5, and 10 cm in radius, 99% of
the adenine is released into the pond water within ∼10
days, 8 months, and 32 months, respectively (see Fig-
ure S3). Only the adenine that has already flowed out
of the fragments gets rapidly photodestroyed, therefore,
adenine within larger fragments can survive up to ∼7
years.
Thus, even though the carbon delivery rates from IDPs
to the early Earth vastly exceed those from meteorites,
it is the meteoritic material that is the dominant source
of nucleobases for RNA synthesis.
Nucleotide and RNA Synthesis
To form nucleotides in WLPs, ribose and a reduced P
source must be available. Ribose may have formed and
stabilized in borate-rich WLPs via the formose reaction
(polymerization of H2CO) [41]. Additionally, phosphite
has been detected in a pristine geothermal pool represen-
tative of early earth, suggesting the potential availability
of reduced P to WLP environments [42]. Only the AMP
nucleotide has been experimentally synthesized in a sin-
gle step involving ribose, reduced P and UV radiation
[2].
Because of the rapid rate of seepage (∼1.0–5.1 mm
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day−1 [27]), nucleotide synthesis would need to be fast,
occurring within a half-year to a few years after nucle-
obase deposition, depending on meteoroid fragment sizes.
This is ample time given that lab experiments show hour-
to-week-long timescales are sufficient to form adenosine
and AMP [2, 3].
Nucleotides, once synthesized using meteorite-
delivered nucleobases, are still subject to seepage,
regardless of the temperature. Therefore nucleotide
polymerization into RNA would also need to be fast,
occurring within one to a few wet-dry cycles, in order
to reduce their likelihood of seeping through the esti-
mated 0.001–400 µm-sized pores at the WLP base [43].
Experiments show that nucleotides can polymerize into
RNA chains possibly greater than 300 monomers by
subjecting them to just 1–16 wet-dry cycles [8].
Discussion and Conclusions
Seepage is one of the dominant nucleobase sinks in
WLPs. It will be drastically reduced if nucleobases are
encapsulated by vesicles (spheres of size 0.5-5 µm that
form spontaneously upon hydration, whose walls consist
of lipid bilayers derived from fatty acids within mete-
orites) [44]. However, even if seepage is turned off, max-
imum adenine concentrations from IDPs are still negligi-
ble (.150 parts per quadrillion) (see Figure S8).
Also, we note that a cold early Earth (if it occurred
[30]) with seasonal or impact-induced freeze-thaw cycles
could also be suitable for RNA polymerization and evo-
lution for reasons similar to those we have analyzed for
WLPs. The cyclic thawing and freezing resembles wet-
dry cycles [8].
We conclude that the physical and chemical conditions
of WLPs place strong constraints on the emergence of an
RNA world. A hot early Earth (50–80◦C) favours rapid
nucleotide synthesis in WLPs [38]. Meteorite-delivered
nucleobases could react with ribose and a reduced P
source to quickly (< a few years) create nucleotides for
polymerization. Polymerization then occurs in one to a
few wet-dry cycles to reduce the likelihood that these
molecules are lost to seepage. This rapid process also re-
duces the likelihood of setbacks for the emergence of the
RNA world due to frequent large impacts, a.k.a. impact
frustration [45]. Sedimentation would be of critical im-
portance as UV protection for nucleobases, nucleotides,
and RNA [28, 46, 47].
The mass-delivery model providing the most WLP de-
positions indicates that the majority of meteorite deposi-
tions occurred prior to 4.17 Ga. The first RNA polymers
would have formed in WLPs around that time, prefigur-
ing the emergence of the RNA world. This implies that
the RNA world could have appeared within ∼200–300
million years after the Earth became habitable.
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SUPPORTING INFORMATION (SI)
Calculating WLP Surface Area on the Early Earth
The earliest fairly conclusive evidences of life are in
the form of light carbon signatures in graphite globules
formed from marine sediments, and stromatolite fossils,
both which are dated to be 3.7 Gyr old [4, 5]. Therefore
nucleobase deposition in WLPs and subsequent reactions
to form nucleotides and RNA, would have occurred some-
time between ∼4.5–3.7 Ga.
Once Theia impacted the proto-Earth ∼50 Myr after
Solar System formation, it may have only taken 10–100
Myr for the magma mantle to cool [30]. Furthermore,
basic evidence (from the zircon oxygen isotope record)
exists of crustal material interacting with liquid water
at or near the Earth’s surface since 4.3 Ga [48]. Such
evidence makes it clear that the Earth had a hydrosphere
at that point, and therefore could have formed WLPs on
any rising continental crust.
An estimate of the surface area of WLPs on the early
Earth has not been previously attempted, however it is
often suggested that they were typical on early Earth con-
tinents [33, 44, 48]. Water-deposited sediments dated at
3.8 Ga indicate early erosion and transport of sediment,
therefore at least some continental mass must have been
exposed above sea level at that time, on which WLPs
could have formed [33].
Continental Crust Growth Model
The number of WLPs present at any given time de-
pends on the fraction of continental crust above sea
level. Calculations from a continental crust growth model
shows a linear formation of early crust, increasing from 0
to 12.8% of today’s crustal surface area from 4.5–3.7 Ga
[20]. This is expressed in the equation below.
9fcr = 0.16t (S1)
where fcr is the fraction of today’s crustal surface area,
and t is the time in Gyr (t = 0 starts at 4.5 Ga).
We assume the number of bodies of water per unit area
of continental crust is constant over time, thus by mul-
tiplying Equation S1 by the number of lakes and ponds
on Earth today, we get the number of bodies of water
on Earth at any date from 4.5–3.7 Ga. The number of
lakes and ponds on Earth today (down to 0.001 km2) is
estimated to be 304 million [21], therefore the equation
becomes:
Nt = 4.864× 107t (S2)
where Nt is the total number of bodies of water on Earth
for times 0 Gyr ≤ t ≤ 0.8 Gyr (t = 0 starts at 4.5 Ga).
Lake and Pond Size Distribution
The size distribution of lakes and ponds on Earth today
follows a Pareto distribution function [21].
dNA = Ntck
cA−(c+1)dA, (S3)
where dNA is the number of bodies of water in the km
2
area range A to A+dA, Nt is the total number of bodies
of water on Earth, c is the dimensionless shape parame-
ter, and k is the smallest lake/pond area in the distribu-
tion. The shape parameter was calculated for lakes and
ponds down to 0.001 km2 to be c = 1.06 [21].
The total area of ponds on Earth in a given size range
can then be calculated by multiplying Equation S3 by A
and integrating from Amin to Amax, which gives
Atot =
c
−c+ 1Ntk
c
[
A(−c+1)max −A(−c+1)min
]
[km2].
(S4)
There is an upper size limit on WLPs in which substan-
tial concentrations of nucleobases from meteorites can be
deposited. If the surface area of a WLP is comparable to
the area of a meteoroid’s strewnfield, then partial over-
lapping of the strewnfield and WLP is probable. This
would lead to fewer fragment depositions per unit pond
area, and lower nucleobase concentrations. For this rea-
son, we choose the upper limit on WLP radii to be 10
m. This equates to pond areas that are <0.04 % of the
strewnfield area of typical carbonaceous meteoroids (the
latter of which are ∼0.785 km2).
There is also a lower size limit as ponds that evaporate
too quickly spend the majority of their time in the dry
state. This would prevent nucleobase outflow from the
pores of meteorites. Moreover, the probability of mete-
orite deposition in WLPs decreases for decreasing pond
radii. A cylindrical WLP at 65 ◦C with a radius and
depth of < 1 metre will likely evaporate in less than 3
months without replenishment from rain or geysers [26].
Therefore we set the lower WLP radius and depth limit
for our interests at 1 m.
Total WLP Surface Area
From Equations S2 and S4, the total surface area of
cylindrical, 1–10 m-radii WLPs on the early Earth at
time 0 Gyr ≤ t ≤ 0.8 Gyr is
Atot(t) = 651t [km
2]. (S5)
For this calculation, we choose c = 1.06 and k =
3.14×10−6 km2. Note t = 0 starts at 4.5 Ga.
Calculating Carbonaceous Meteorite Depositions in
WLPs
Aerodynamic forces fragment meteoroids that enter
the atmosphere, which increases their total meteoroid
cross-section, and thus their aerodynamic braking [32].
Numerical simulations show that the fragments of car-
bonaceous meteoroids with initial diameters up to 80
metres and atmospheric entry velocities near the me-
dian value (15 km/s [31]) reach terminal velocity [32].
These fragments do not produce craters upon impact
[49] and can be intactly deposited into WLPs. Larger
meteoroids produce fragments with impact speeds too
fast to avoid cratering and partial or complete melting
or vapourization of the impactor. The same numerical
simulations calculate the largest fragments from a 80-
metre-diameter carbonaceous meteoroid of initial veloc-
ity 15 km/s to be ∼20 cm in diameter [32]. (This roughly
makes sense as the biggest carbonaceous meteorite recov-
ered, the Allende, is only 110 kg—corresponding to a ∼
40 cm-diameter sphere [50]).
The optimal diameter range for carbonaceous mete-
oroids to deposit a substantial fraction of mass into
WLPs at terminal velocity is therefore 40–80 m. We
base our calculation of carbonaceous meteoroid fragment
depositions on this range.
Mass Delivery Models
The lunar cratering record analyzed by the Apollo pro-
gram has revealed a period of intense lunar bombardment
from ∼3.9–3.8 Ga [51]. Whether a single lunar cataclysm
(lasting ∼10–150 Myr) or a sustained declining bombard-
ment preceded 3.9 Ga is still debated [30]. We choose
three models for the rate of mass delivered to the early
Earth: a LHB model, and a minimum and maximum
bombardment model. All models are based on analyses
of the lunar cratering record [6, 19].
Analyses from both dynamic modeling and the lunar
cratering record estimate the total mass delivered to the
early Earth during the LHB to be ∼ 2×1020 kg [19]. We
assume a Gaussian curve for the rate of impacts during
the LHB [30], which centers on 3.85 Ga, integrates to
2× 1020 kg, and drops to nearly zero at 3.9 and 3.8 Ga.
Thus,
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(S6)dmLHB(t) = 5.33× 1021e
−(t−0.65)2
2(0.015)2 dt [kg],
where dmLHB is the total mass from t to t+ dt (Gyr) (t
= 0 starts at 4.5 Ga).
Equations for the minimum and maximum mass de-
livered to the early Earth, given a sustained declining
bombardment preceded 3.9 Ga, are displayed below [6].
mminB(t) = 1× 1021
− 0.76
[
4.5− t+ 4.57× 10−7
(
e(4.5−t)/τa
− 1
)]
m1−b2 4piR
2
moonΣ [kg].
(S7)
mmaxB(t) = 7×1023−0.4
[
4.5−t+5.6×10−23
(
e(4.5−t)/τc
− 1
)]
m1−b2 4piR
2
moonΣ [kg].
(S8)
where mminB and mmaxB are the total mass delivered
from t = 0 to t = t (t = 0 starts at 4.5 Ga), τa and τb
are decay constants (τa = 0.22 Gyr, τb = 0.07 Gyr), m2
is the maximum impactor mass (m2 = 1.5 × 1018 kg), b
= 0.47, Rmoon is the mean radius of the moon (Rmoon =
1737.1 km), and Σ is the ratio of the gravitational cross
sections of the Earth and Moon (Σ ∼23).
Taking the derivatives of Equations S7 and S8 gives
us the corresponding rates of mass delivered to the early
Earth.
dmminB(t)
= 0.76
(
1
+
4.57× 10−7
τa
e(4.5−t)/τa
)
m1−b2 4piR
2
moonΣdt [kg].
(S9)
dmmaxB(t)
= 0.4
(
1
+
5.6× 10−23
τc
e(4.5−t)/τc
)
m1−b2 4piR
2
moonΣdt [kg].
(S10)
See Figure 1 in the main text for a plot of the three mass
delivery models.
Impactor Mass Distribution
Chemical analyses of lunar impact samples, and crater
size distributions suggest that the impactors of the Earth
and Moon before ∼3.85 Ga were dominated by main-
belt asteroids [51]. It also likely that the size-frequency
distribution of impactors on the early Earth is similar
to that of the main-belt asteroids today [52]. Though
there is no conclusive evidence to constrain the fraction
of early Earth impactors that were of cometary origin,
some suggest approximately 10% of the total accreted
mass was from comets [6].
The early-Earth impactor mass distribution for im-
pactors with radii 20–40 m, adjusted for the total mass
delivered during the LHB, follows the linear relation
(S11)dmLHB(r) =
[
7.5× 1013r + 3× 1015] dr [kg],
where dm is the mass of impactors with radii r to r+ dr
(m) [19].
To get the impactor mass distributions for the mass
delivered between t and t+dt in each of our three models,
we multiply Equation S11 by Equation S6, S9, or S10,
and divide by 2× 1020 kg.
dmi(t, r) =
[
7.5× 1013r + 3× 1015] dmi(t)
2× 1020 dr [kg],
(S12)
where i is the model (LHB, minB, or maxB).
Impactor Number Distribution
Equation S12 can be turned into a number distribu-
tion (from t to t+ dt) for asteroids of a specific size and
type (e.g. carbonaceous chondrites, ordinary chondrites,
irons) by multiplying by the fraction of impactors that
are asteroids (fa) and the fraction of asteroid impacts
that are of a specific meteorite parent body-type (ft),
and then dividing by the volume and average density of
such asteroids. After simplification, this is
dNi(t, r) =
3faft
4piρ
[
7.5× 1013
r2
+
3× 1015
r3
]
dmi(t)
2× 1020 dr,
(S13)
where i is the model (LHB, minB, or maxB).
Total Number of Carbonaceous Impactors
Although some carbonaceous chondrites may have
originated from comets [53], for this calculation we con-
servatively assume that all carbonaceous meteorites orig-
inated from asteroids.
Integrating Equation S13 from rmin to rmax gives the
total number of meteoroids in that radii range to have
impacted the early Earth, from t to t+dt, for each model.
(S14)
dNi(t) =
3faft
4piρ
[
7.5× 1013
(
1
rmin
− 1
rmax
)
+
3× 1015
2
(
1
r2min
− 1
r2max
)]
dmi(t)
2× 1020 ,
where i is the model (LHB, minB, or maxB).
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Probability of WLP Deposition
The probability of an infinitesimally small object hit-
ting within a target area, given the probability of hitting
anywhere within the total area is equal, is the geometric
probability,
Pg =
Atarg
Atot
. (S15)
This equation can be used to estimate the probability
of blindly hitting the bull’s eye on a dart board from rel-
atively close in, where Atarg is the area of the bull’s eye
and Atot is the area of the dart board. In this case, since
the tip of a dart is relatively small with respect to the
bull’s eye, the approximation is relatively accurate. In
the case of estimating the probability of meteoroid frag-
ments falling into a WLP, the tip of the ”dart” (i.e. the
debris area of meteoroid fragments) is not always going
to be larger than the ”bull’s eye” (i.e. the total surface
area of WLPs at any time). For example, the probabil-
ity of fragments from a single meteoroid falling into an
WLP at ∼4.5–4.45 Ga, when there was a small fraction
of continental crust and few WLPs, is more analogous
to the probability of blindly hitting the bull’s eye with
a small ball; which would be slightly more likely than
with a dart. Any large enough part of the ball overlap-
ping with the bull’s eye counts as a hit, as does any large
enough part of the debris field overlapping with the com-
bined WLP surface area. “Large enough” in our case
corresponds to the area of the largest WLP for which the
meteoroid fragment deposition probability is being cal-
culated (or equivalently 100 of the smallest WLP in our
study). (This minimum area is necessary in order to as-
sume a homogeneous surface deposition when calculating
the total mass of meteoroid fragments to have entered a
WLP.)
In order to use Equation S15 to calculate the probabil-
ity for the fragments of a single meteoroid landing in a
primordial WLP, Atarg must be the effective target area.
The effective target area is illustrated in Figure S1 below.
Any meteoroid that enters the atmosphere within the ef-
fective target area (of radius d), disperses its fragments
over at least one WLP’s entire surface.
The area of the asymmetric “lens” in which any two
circles intersect is
A = r2cos−1
(
d2 + r2 −R2
2dr
)
+R2cos−1
(
d2 +R2 − r2
2dR
)
− 1
2
√
(−d+ r +R)(d+ r −R)(d− r +R)(d+ r +R),
(S16)
for circles of radii r and R, and distance between their
centers d [54].
In Figure S1, the asymmetric lens created by the in-
tersection of the combined WLP surface area at a given
FIG. S1. The dotted circle represents the target area for
landing the dispersed fragments from a single meteoroid into
any WLP on the early Earth. The smaller, light grey circle
in the center is the total combined WLP surface area on the
early Earth at a given time (WLPs would have been individu-
ally scattered, however for a geometric probability calculation
they can be visualized as a single pond cross-section). The
larger, surrounding circles represent the area of debris when
the fragments of the meteoroid hit the ground. Shortly af-
ter 4.5 Ga, the area of debris from a single meteoroid would
be large compared to the the combined WLP surface area.
At any time, the target area for a meteoroid to deposit frag-
ments homogeneously into at least 1 WLP is slightly larger
than the combined area of WLPs. The effective target area
grows linearly with total WLP surface area. The diagonally
striped intersections between the circles represent the largest
individual WLP for which the meteoroid fragment deposition
probability is being calculated. The logic is that if a mete-
oroid enters the atmosphere at distance d from the center of
the combined pond cross-section, at least 1 pond of any size
in the WLP distribution will completely overlap with the area
of debris.
time and the meteoroid fragment debris area corresponds
to the area of the largest individual WLP in our distri-
bution. Because the effective target area radius, d, grows
linearly with total WLP surface area radius, R, we can
plot Equation S16 at t = 1 Gyr to solve for d, and input
the linear time dependence afterwards. For this calcu-
lation, A = 3.14 × 10−4 km2, r = rg = 0.5 km, and R
=
√
651km2
pi = 14.4 km. This gives us the effective tar-
get radius, d = 14.9 km, and corresponds to an effective
target area:
Aeff (t) = 697t [km
2]. (S17)
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See Figure 1 in the main text for a plot of the effective
WLP surface area over time.
Finally, the probability of the fragments from all CM-
, CI-, or CR-type meteoroids with radii rmin = 20 m
to rmax = 40 m landing in WLPs on the early Earth
of radii 1–10 m from time t to t + dt is the product of
Equations S14 and S15.
dPi(t) =
697t
4piR2⊕
dNi(t), (S18)
where i is the model (LHB, minB, or maxB).
In Figure S2, we plot the normalized probability dis-
tributions (dPi/dt) for the deposition of carbonaceous
meteorites into WLPs from 4.5–3.7 Ga. The LHB, the
minimum and the maximum bombardment models are
compared. For the LHB model, there are 10 WLP de-
positions from 3.9–3.8 Ga. 95% of these depositions oc-
cur between 3.88–3.82 Ga. For the minimum bombard-
ment model, there are 15 WLP depositions during the
entire Hadean eon, however 95% of these depositions oc-
cur between 4.47–3.77 Ga. Finally, for the maximum
bombardment model, there are 3840 depositions during
the Hadean eon, with 95% of these depositions occurring
between 4.50–4.17 Ga. See Figure 1 in the main text for
cumulative deposition distributions.
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FIG. S2. Normalized probability distributions of fragments
from CM-, CI-, and CR-type meteoroids with radii 20–40 m
landing in WLPs on the early Earth of radii 1–10 m. Three
models for mass delivery are compared: the Late Heavy Bom-
bardment model, and minimum and maximum mass models
for a sustained, declining bombardment preceding 3.9 Ga. All
models are based on analyses of the lunar cratering record
[6, 19]. See Figure 1 in the main text for display of mass
delivery rates. The 95% confidence intervals are shaded, and
correspond to the most likely deposition intervals for each
model.
One assumption is made in our deposition probability
calculation, which is, given that the largest WLP consid-
ered is completely within the carbonaceous meteoroid’s
strewnfield, at least one fragment will land in the WLP.
(An equivalent assumption would be, given that 100 of
the smallest WLPs considered are completely within the
meteoroid’s strewnfield, at least one fragment will de-
posit into one of the ponds.) To determine whether this
is the case, we need a good estimate for the number of
fragments that spread over a debris field from a single car-
bonaceous meteoroid. For the Pu ltusk stony meteoroid,
which entered Earth’s atmosphere above Poland in 1868
[55], the number of fragments is estimated to be 180,000
[55]. Although the Pu ltusk meteorites may not repre-
sent the typical fragmentation of stony meteoroids, since
this meteoroid is about 1.6 times denser than the aver-
age carbonaceous meteoroids in our study [56], we would
expect a carbonaceous meteoroid to fragment more than
the typical stony meteorite. If meteoroid fragments are
randomly spaced within a strewnfield, then Equation S15
multiplied by the the number of meteoroid fragments will
give us roughly the number of fragments that will enter
a WLP. (In this case Atarg is the area of the cylindri-
cal pond, and Atot is the area of the strewnfield.) From
this calculation, given a 10 m-radius WLP is within a
180,000-fragment strewnfield of radius 500 m, roughly 72
carbonaceous meteoroid fragments will land in the pond.
In fact, as long as 40–80 m carbonaceous meteoroids frag-
ment into at least 2500 pieces, fragment deposition into
a 10 m-radius WLP is probable. We therefore consider
this assumption reasonable.
Sensitivity Analysis
In our estimate of the number of carbonaceous mete-
oroids that led to WLP depositions on the early Earth,
we assume that from 4.5–3.7 Ga, the continental crust
grows at 16%/Gyr [20], and the ponds per unit area is the
same as today. However, the uncertainty in the growth
rate of continental crust and the WLPs per unit area
on the early Earth is high. For example, the number of
WLPs per unit area was probably higher on the above-
sea-level crust of the Hadean Earth than it is on Earth’s
continents now. The greater rate of asteroid bombard-
ment during the Hadean [30] would have created many
small craters, which over a few rain cycles could fill to
become ponds. On the other hand, geophysical models
suggest the surface ocean was increasing in volume from
∼4.5–4.0 Ga [57]. This would slow the growth rate of
above sea-level crust. Because of these uncertainties, we
adjust the growth rate of WLPs on the early Earth by
± 1 order of magnitude to obtain error bars. Because
the probability of deposition (Equation S18) is directly
proportional to the number of WLPs on the early Earth,
varying the growth rate of WLPs by ± 1 order of mag-
nitude equates to a ± 1 order of magnitude uncertainty
in the WLP deposition expectation values (see Figure 1
in the main text).
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Sources and Sinks Model Overview
Calculating the water and nucleobase content in WLPs
over time is a problem of sources and sinks. These sources
and sinks are illustrated in Figure 2 in the main text, and
displayed in Table S1 below.
TABLE S1. Sources and sinks of pond water and nucleobases
in our model of early Earth WLPs.
Ingredient Sources Sinks
Pond water Precipitation Evaporation
Seepage
Nucleobases IDPs Hydrolysis∗
Meteorites∗ Seepage∗
Photodissociation†
Forming nucleotides‡
*Only when pond is wet
† Only when pond is dry
‡ To be added in a future model
Because nucleobase diffusion from carbonaceous mete-
orite fragments is slow (see section on nucleobase outflow
and mixing below), this source is only turned on in the
wet phase. Although it may be possible for nucleobases
to occasionally enter WLPs from runoff, we do not con-
sider this as a source. IDPs that fall on dry land are the
most likely nucleobase source to be carried by runoff into
WLPs (because of their low mass). However, these IDPs
are exposed to photodissociating UV light until they are
picked up by a runoff stream, by which time few, if any
enclosed nucleobases likely remain. Hydrolysis of nucle-
obases only occurs in the presence of liquid water, there-
fore we only turn on this sink when our ponds are wet.
Similarly, seepage of nucleobases through the pores in the
bases of WLPs only occurs during the wet phase. A 1
m column of pond water can absorb UV radiation up to
∼95% [36], therefore as a first order approximation, we
only turn on UV photodissociation when our WLPs are
in the dry phase. We do not consider cosmic rays as a
sink for nucleobases, as a study has shown that adenine
has a half-life of millions of years from cosmic ray disso-
ciation at 1 AU [58]. This is several orders of magnitude
greater than the timescales of nucleobase decay from the
other sinks. Finally, since we are interested in accumulat-
ing nucleobases in WLPs so that they can react to form
nucleotides, a future model will include such reactions as
a sink.
Pond Water Sources and Sinks
Evaporation
There are many variables that could go into a pond
evaporation calculation. However, a simple relation was
obtained by measuring the depth and temperature of a
∼1 m-radius lined pond (to prevent seepage) and a class-
A cylindrical evaporation pan over time:
dE
dt
= −9.94 + 5.04T [mm month−1],
(S19)
where dE is the drop in pond depth, and T is the pond
temperature in ◦C [26].
This relation is converted to m yr−1 below.
dE
dt
= −0.12 + 0.06T [m yr−1]. (S20)
Seepage
Unless the material (e.g. basalt, soil, clay) at the base
of a WLP is saturated in water, gravity will cause pond
solution to seep through the pores in this material. The
average seepage rate of 55 small ponds in Auburn, Al-
abama was measured to be 5.1 mm day−1 [27]. This value
is high compared to the average seepage rates from small
ponds in North Dakota and Minnesota (1.0 mm day−1),
and the Black Prairie region of Alabama (1.6 mm day−1)
[27]. These seepage rates are comparable in magnitude
to the pond evaporation rates above, and therefore must
be considered as a sink for water and nucleobases in our
WLP model. We take an average of the above three val-
ues and apply a constant seepage rate of 2.6 mm day−1
to our WLP water evolution calculations.
dS
dt
= 0.95 [m yr−1]. (S21)
We assume that the majority of seepage occurs from the
base of the pond, where the water pressure is the highest.
The effect of seepage on nucleobase mass loss is handled
in the nucleobase sinks section below.
Precipitation
If we ignore the possibility of local water geysers, the
main source of pond water is likely to be precipitation.
It has been shown that the vast majority of monthly pre-
cipitation climates around the world can be adequately
described by a sinusoidal function with a 1 year period
[25]. That is,
dP
dt
= P
[
1 + δpsin
(
2pi(t− sp)
τs
)]
[m yr−1],
(S22)
where dP is the amount of precipitation, P is the mean
precipitation rate (m yr−1), δp is the dimensionless sea-
sonal precipitation amplitude, sp is the phase shift of pre-
cipitation (yrs), t is the time (yrs), and τs is the duration
of the seasonal cycle (i.e. 1 yr) [25].
From 1980–2009, the mean precipitation on the Earth
ranged from ∼0.004–10 m yr−1 (with a global mean
of ∼0.7 m yr−1), the seasonal precipitation amplitudes
ranged from ∼0–4.7, and the latitude-dependent phase
shift ranged from 0–1 year [25].
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Summary
The evaporation and seepage rates minus the rate of
water rise due to precipitation gives us the overall rate
of water decrease in a WLP.
dL
dt
= 0.83+0.06T−P
[
1 + δpsin
(
2pi(t− sp)
τs
)]
[m yr−1].
(S23)
Equation S23 is too complex to be solved by standard
analytical techniques or mathematical software, there-
fore we solve it numerically using a forwards time finite
difference approximation with the boundary conditions
0 ≤ L(T, t) ≤ rp. We then convert the drop in pond
depth as a function of time, L(t), to the mass of water
in the WLP using the water density and the volume of a
cylindrical portion. This equates to:
m(t) = piρwr
2
p(rp − L) [kg]. (S24)
For our models we assume pond water of density ρw =
1000 kgm−3.
Nucleobase Sinks
Hydrolysis
The first-order hydrolysis rate constants for adenine
(A), guanine (G), uracil (U), and cytosine (C) have been
measured from decomposition experiments at pH 7 [29].
These rate constants are expressed in the Arrhenius equa-
tions below.
kA = 10
−5902
T +8.15 (S25)
kG = 10
−6330
T +9.40 (S26)
kU = 10
−7649
T +11.76 (S27)
kC = 10
−5620
T +8.69 [s−1]. (S28)
The nucleobase decomposition rate due to being dis-
solved in water can then be obtained by plugging Equa-
tions S25–S28 into the first-order reaction rate law below.
dmi
dt
= −miγk [kg yr−1], (S29)
where γ = 3600 · 24 · 365.25 s yr−1.
The hydrolysis rates of adenine, guanine, and cytosine
remain relatively stable in solutions with pH values from
4.5–9 [29, 59]. WLPs may have been slightly acidic (from
pH 4.8–6.5) due to the higher partial pressure of CO2 in
the early Earth atmosphere [34].
UV photodissociation
The photodestruction of adenine has been studied
by irradiating dried samples under Martian surface UV
conditions [28]. This quantum efficiency of photode-
composition (from 200–250 nm)—which is independent
of the thickness of the sample—was measured to be
1.0± 0.9× 10−4 molecule photon−1 [28].
For the calculation of the quantum efficiency of ade-
nine, a beam of UV radiation was focused on a thin com-
pact adenine sample formed through sublimation and re-
condensation [28]. In this case, all the photons in the
beam of UV radiation were incident on the nucleobases.
In the WLP scenario, not all the incoming UV photons
will be incident on nucleobases. Instead, large gaps can
exist between nucleobases that collect at the base of the
pond. Therefore the number of photons incident on the
pond area is not the same as those incident on the scat-
tered nucleobases unless there are at least enough nu-
cleobases present to cover the entire pond area. Since
the nucleobases are mixed well into the pond water be-
fore complete evaporation, we assume nucleobases will
spread out evenly as they collect on the base of the pond.
This means we assume that all locations on the base of
the pond are covered in nucleobases before nucleobases
stack on top of one another. For low abundances of to-
tal nucleobases in a WLP, this approach will lead to a
slightly higher estimate for the rate of photodissociation
than expected. We deem this acceptable for a first-order
estimate of nucleobase photodissociation.
The mass of nucleobases photodestroyed per year, per
area covered by nucleobases (i.e. the photodestruction
flux), is constant over time and is dependent on the ex-
perimentally measured quantum efficiency of photode-
composition.
(S30)M˙i =
ΦFλγµi
hcNA
[kg yr−1 m−2],
where Φ is the quantum efficiency of photodecomposi-
tion of the molecules (molecules photon−1), F is the
UV flux incident on the entire pond area (W m−2), λ
is the average wavelength of UV radiation incident on
the sample (m), γ is 3600 · 24 · 365.25 s yr−1, µi is the
molecular weight of the irradiated molecules (kg mol−1),
h is Planck’s constant (m2 kg s−1), c is the speed of
light (ms−1), and NA is Avogadro’s number (molecules
mol−1).
Our estimation of the photodestruction rate of a nucle-
obase depends on the total mass of the nucleobase within
the WLP. If there is enough of the nucleobase present for
the entire base of the pond to be covered, we can mul-
tiply the photodestruction flux by the entire pond area.
Otherwise, we must multiply the photodestruction flux
by the combined cross-sectional area of the nucleobase
present in the WLP to get the photodestruction rate.
15
dmi
dt
=
−M˙i
mi
ρid
, if
mi
ρid
< Ap
−M˙iAp, otherwise
[kg yr−1], (S31)
where mi is the mass of the sample (kg), ρi is the mass
density of the nucleobase (kg m−3), d is the distance
between two stacked nucleobases in the solid phase (m),
and Ap is the area of the WLP (m
2).
Assuming cloudless skies, an upper limit on the early
Earth integrated UV flux from 200–250 nm is ∼0.4 W
m−2 [35, 60]. UV wavelengths < 200 nm would be com-
pleted attenuated by CO2 and H2O in the early atmo-
sphere [35]. The mass density of solid adenine is 1470 kg
m−3, making the distance between two stacked adenine
molecules in the solid phase ∼6.6 A˚. For guanine, uracil,
and cytosine, we take the mass densities to be 2200 kg
m−3, 1320 kg m−3, and 1550 kg m−3, respectively.
Seepage
The constant pond water seepage S˙ = 0.95 m yr−1
was determined in the pond water source and sinks sec-
tion above. This can be used to calculate the nucleobase
seepage rate via the equation:
dmi
dt
= wiρwApS˙ [kg yr
−1], (S32)
where wi is the nucleobase mass fraction, ρw is the den-
sity of water (kg yr−1), and Ap is the area of the WLP
(m2).
Nucleobase Outflow and Mixing
Chondritic IDPs and meteorites are porous [61–63].
With the exception of the nucleobases potentially formed
due to surface photochemistry [12], any soluble nucle-
obases delivered to the prebiotic Earth by carbonaceous
IDPs and meteorites would have layed frozen in the
pores of these sources upon them entering the atmo-
sphere. Pulse heating experiments show approximately
∼1–6% of the organics within IDPs could have survived
atmospheric entry [62]. And, based on their presence in
carbonaceous chondrites today, nucleobases in carbona-
ceous meteorites evidently would have also survived at-
mospheric entry heating. Therefore both sources, upon
entering WLPs on the prebiotic Earth, would have slowly
released their remaining soluble nucleobases into the sur-
rounding pond water. These nucleobases would then
slowly homogenize into the pond solution.
We model the outflow of nucleobases from carbona-
ceous IDPs and meteorites and the mixing of a local con-
centration of nucleobases into a WLP using finite differ-
ence approximations of the one-dimensional advection-
diffusion equation (see Appendix A for complete details).
Our model of nucleobase outflow is run for average-
sized IDPs (r = 100µm), and for small (r = 1 cm),
medium (r = 5 cm) and large (r = 10 cm) carbonaceous
meteorites. The fraction of nucleobases remaining in each
of these sources as a function of time is plotted in Fig-
ure S3 below.
Our models show that the duration of nucleobase diffu-
sion from carbonaceous IDPs and meteorites into WLPs
is mostly determined by the radius of the source. For
typical, 100 µm-radius carbonaceous IDPs laying at the
bottom of a WLP, it takes < 2 minutes for > 99% of
the soluble nucleobases to diffuse into the surrounding
pond water. For 1 cm-radius carbonaceous meteorites,
this time increases to 10 days. For the largest carbona-
ceous meteoroid fragments, with radii of 5 cm and 10
cm, this duration increases to approximately 8 and 32
months, respectively.
For nucleobase mixing, we model a base-to-surface con-
vection cell within cylindrical ponds with equal radii and
depths of 1 m, 5 m, and 10 m. This model gives us the
timescale of mixing a local concentration of nucleobases
within WLPs. The maximum percent local nucleobase
concentration difference from the average is plotted as a
function of time in Figure S4. This metric allows us to
characterize the nucleobase homogeneity in a convection
cell of the WLP.
Our simulations suggest that the mixing of local de-
posits of nucleobases in WLPs, resulting from their dif-
fusion out of carbonaceous IDPs and meteorites, is a very
efficient process. For a cylindrical WLP 1 m in depth, it
will take about 35 minutes for a local deposition to ho-
mogenize in a convection cell within the pond. For larger
WLPs, with 5 m and 10 m depths, the nucleobase mix-
ing time increases to 104 and 150 minutes, respectively.
These short mixing times make it clear that, for carbona-
ceous meteorites ≥ 1 cm in radius, nucleobase homoge-
nization in WLPs is dominated by the nucleobase outflow
time from these bodies. In contrast, being that carbona-
ceous IDPs are much smaller than meteoroid fragments,
the nucleobase outflow time from IDPs is negligible com-
pared to the nucleobase homogenization time in WLPs.
Nucleobase Evolution Equation From IDPs
It is estimated that at 4 Ga, approximately 6 × 108
kgyr−1 of carbonaceous IDPs were being accreted onto
the Earth [11]. Since IDPs are tiny (typically ∼100 µm in
radius), they are circulated by the atmosphere upon ac-
cretion and thus likely reached almost everywhere on the
prebiotic Earth. Approximately 1–6% of the organic con-
tent within IDPs could have survived the pulse heating
of atmospheric entry [62]. Assuming IDPs accreted uni-
formly, the surface nucleobase mass accretion per square
area would be
(S33)
dmi
dtdA
=
wim˙Ifs
4piR2⊕
[kg yr−1m−2],
where wi is the nucleobase mass fraction within IDPs
for nucleobase i, m˙I is the mass accretion rate of IDPs
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on the prebiotic Earth (kg yr−1), and fs is the average
fraction of nucleobases that survive pulse heating from
atmospheric entry.
IDPs are thought to correspond to origins of asteroids
or comets [11], therefore at best, the average nucleobase
abundances in IDPs could match the average nucleobase
content within the nucleobase-rich CM, CR, and CI me-
teorites. The average abundances of adenine, guanine,
and uracil in CM, CR, and CI meteorites are listed in
Table S2 along with the weighted averages based on rel-
ative fall frequencies. These abundances might be an
upper limit for the guanine, adenine, and uracil content
of IDPs because unlike the interior of large meteorites,
molecule-dissociating UV radiation can penetrate every-
where within µm–mm-sized pieces of dust.
TABLE S2. Average guanine, adenine and uracil abundances
(in ppb) in the CM, CR, and CI carbonaceous chondrites.
Abundances obtained from [13]. Some CM and CR meteorite
analyses found no adenine or uracil, these samples were ex-
cluded from the average. Weighted nucleobase averages are
also displayed based on relative fall frequencies [22]. Uracil
has not been measured in CR meteorites. Cytosine has not
been measured in any meteorites.
Meteorite Type Guanine Adenine Uracil
CM 183.5 69.8 50.0
CR 1.8 9.3 -
CI 81.5 60.5 73.0
Weighted Avg 141.3 60.7 48.6
The amount of cytosine that could have formed on the
surfaces of primordial IDPs is not well constrained. Cy-
tosine has been detected in experiments exposing IDP
analogs to UV radiation, but hasn’t been quantified [12].
Furthermore, these analog experiments formed cytosine
via photoreactions involving pyrimidine: a molecule that
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has no measured abundance in IDPs or meteorites. For
this analysis we explore a best-case scenario, and set the
maximum cytosine IDP abundance to 141.3 ppb (the pos-
sible upper limit of guanine in carbonaceous IDPs).
In the nucleobase outflow and mixing section above
we learned that nucleobase diffusion from IDPs is quick
(lasting < 2 minutes), and nucleobase homogenization
in WLPs takes one to a few hours, depending on the
pond size. If we spread out the 6× 108 kgyr−1 accretion
rate of IDPs uniformly across the surface of the Earth—
assuming IDPs are all 100 µm-radius spheres of CI, CM,
and CR type (ρ =∼2185 kgm−3)—then IDPs would drop
into 1–10 m-radius primordial WLPs at approximately
0.05–5 per hour. Since each carbonaceous IDP can only
carry a tiny mass in nucleobases ( ∼1 picogram), nucle-
obase inhomogeneities within WLPs would be a maxi-
mum of ∼15 picograms. This abundance of nucleobases
is negligible, therefore for our calculations of nucleobase
accumulation in WLPs from IDP sources, we can assume
that nucleobase deposition and pond homogenization is
instantaneous.
Thus, the differential equation for the mass of nucle-
obase i accumulated in a WLP from IDP sources over
time is the sum of the nucleobase mass accretion rate
from IDPs, the nucleobase mass decomposition rate, the
nucleobase mass seepage rate, and the nucleobase pho-
todissociation rate:
dmi,IDP (t)
dt
=
wim˙IfsAp
4piR2⊕
− γmiki − wiρwApS˙
−
M˙i
mi
ρid
, if
mi
ρid
< Ap
M˙iAp, otherwise
[kg yr−1].
(S34)
The second and third terms after the equal sign are only
activated when the pond is wet, and the fourth term
is only activated when the pond is dry. The first term
is always activated as recently accreted nucleobases are
susceptible to UV dissociation while still laying in the
pores of IDPs, and they effectively instantaneously out-
flow from IDPs upon wetting.
Using Equation S34, we compute the nucleobase mass
as a function of time numerically using a forwards time
finite difference approximation. We then divide the nu-
cleobase mass by the water mass at each time step to
obtain the nucleobase mass concentration over time. Be-
cause some ponds are seasonally dry, we freeze the water
level at 1 mm during the dry phase in order to calculate
a nucleobase concentration during this phase.
Nucleobase Evolution Equation From Meteorites
Simulations show the fragments from carbonaceous
meteoroids with diameters from 40–80 m and initial ve-
locities of 15 km/s will expand over a radius of ∼500
m, and ∼ 32% of the original meteoroids will survive
ablation [32]. Since a single meteoroid impacting the at-
mosphere may break up into 180,000 fragments before
spreading across its strewnfield, it is probable that a
meteorite deposition event involves multiple meteorites
landing in a single WLP. The best estimate of the to-
tal nucleobase mass deposited into a WLP is thus cal-
culated assuming the ablated meteoroid mass is spread
uniformly over its strewnfield. Considering this, the total
nucleobase mass to deposit into a WLP from a meteoroid
would be
mi0 =
4
3
wifsr
3ρAp
r2g
[kg], (S35)
where wi is the nucleobase mass fraction within the mete-
oroid for nucleobase i, fs is the fraction of the meteoroid
to survive ablation, r is the meteoroid radius as it enters
Earth’s atmosphere (m), ρ is the density of the meteoroid
(kg m−3), rg is the radius of the debris when the mete-
oroid fragments hit the ground (m), and Ap is the area
of the WLP (m2).
After the deposition of meteoroid fragments into a
WLP, the frozen meteorite interiors will thaw to pond
temperature, allowing hydrolysis to begin inside the frag-
ments’ pores. This means the total mass of nucleobases
that diffuse from the fragments’ pores into the pond will
be less than the total initial nucleobase mass within the
deposited fragments. By integrating the nucleobase hy-
drolysis rate (Equation S29), we obtain the mass of nu-
cleobase i remaining after a given time of hydration th,
mi = mi0e
−γkith [kg]. (S36)
Note that th (yr) may be different than t, as the hydration
clock is paused when WLPs are dry.
Unlike carbonaceous IDPs, which unload their nucle-
obases into a WLP in seconds, nucleobases may not com-
pletely outflow from all deposited carbonaceous mete-
oroid fragments before the WLP evaporates. (However,
the nucleobases that do outflow from the meteorites will
mix homogeneously into the WLP within a single day-
night cycle.) Thus, we calculate the nucleobase outflow
time constants for 1 cm-, 5 cm-, and 10 cm-radius car-
bonaceous meteorites by performing least-squares regres-
sions of our nucleobase diffusion simulation results to the
function below.
f(th) = α
(
1− e−
th
τd
)
. (S37)
This equation shows that as time increases, the mass of
nucleobases that have flowed out of a single meteorite,
into the WLP, approaches the coefficient α—which rep-
resents the total initial nucleobase mass contained in the
meteorite. Since nucleobase outflow is mass-independent,
we can use an arbitrary initial total nucleobase mass for α
in our simulations to obtain the nucleobase outflow time
constants.
The results of the fits give diffusion time constants for
1 cm-, 5 cm-, and 10 cm-radius fragments of τd = 4.9
×10−3 yr, 0.12 yr and 0.48 yr, respectively.
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Adding up the sources and sinks gives us the nucle-
obase mass within the WLP from meteorite sources as a
function of time and hydration time.
dmi,Met(t, th)
dt
=
mi0
τd
e
−th
(
γki+
1
τd
)
− γmiki − wiρwApS˙
−
M˙i
mi
ρid
, if
mi
ρid
< Ap
M˙iAp, otherwise
[kg yr−1].
(S38)
The first three terms after the equal sign are only acti-
vated when the pond is wet, and the fourth term is only
activated when the pond is dry.
Since there are many possibilities for the sizes of me-
teoroid fragments that will enter a WLP, we consider 3
simplified models: all fragments that enter a WLP from
a meteoroid of radius 20–40 m are either 1 cm in radius,
5 cm in radius, or 10 cm in radius. These three models
represent a local part of the strewnfield that deposited
either many small fragments, mostly medium-sized frag-
ments, or just a couple to a few large fragments.
Cytosine is unlikely to have sustained within meteorite
parent bodies long enough to be delivered to the early
Earth by meteorites [15], therefore we only model the
accumulation of adenine, guanine, and uracil in WLPs
from meteorite sources.
We solve Equation S38 numerically using a forwards
time finite difference approximation. Nucleobase concen-
tration is then obtained by dividing the nucleobase mass
by the water mass in the WLP at each time step.
Additional results
Pond Water
In Figure S5 we explore the effects of changing tem-
perature on wet environment WLPs of 1 m radius and
depth (see Table 1 in main text for wet environment
model details). To do this, we vary our fiducial model
temperatures (65◦C for a hot early Earth and 20◦C for a
warm early Earth) by ±15◦C. As temperature increases,
evaporation becomes more efficient, however the wet en-
vironment WLPs never dry completely.
Nucleobase Accumulation from IDPs
In Figure S6 we explore the evolution of adenine con-
centration from only IDP sources in WLPs of 1 m radius
and depth. We model the adenine accumulation in three
environments (dry, intermediate, and wet) on a hot and
warm early Earth (see Table 1 in the main text for pre-
cipitation model details). The left panel is for 65◦C on
a hot early Earth and 20◦C on a warm early Earth, and
the left panel is for 50◦C on a hot early Earth and 5◦C
on a warm early Earth.
0 2 4 6 8 10
Time (yr)
0
25
50
75
100
P
e
rc
e
n
t 
fu
ll 
(%
)
Wet Env.
COL 50◦C
THA 5◦C
COL 65◦C
THA 20◦C
COL 80◦C
THA 35◦C
0
500
1000
1500
2000
2500
3000
W
a
te
r 
M
a
ss
 i
n
 W
LP
 (
kg
)
FIG. S5. The effect of temperature on the change in water
mass over time in wet environment cylindrical WLPs with
radii and depths of 1 m. Temperatures are varied for a hot
early Earth model (50 ◦C, 65 ◦C, and 80 ◦C) and a warm
early Earth model (5 ◦C, 20 ◦C, and 35 ◦C). Precipitation
rates from Columbia and Thailand on Earth today are used
to represent the hot, and warm early Earth analogues, respec-
tively (for details see Table 1 in the main text).
All adenine concentration curves reach a stable sea-
sonal pattern within ∼5 years. The highest adenine
concentrations occur for models with a dry phase (i.e.
the dry and intermediate models at 65◦C, and the dry
model at 50◦C.) The lower maximum concentrations in
the models without a dry phase are due to the sustained
high water levels. The maximum adenine to accumulate
in any model from IDP sources is ∼0.2 ppq. This occurs
just before the pond dries. Upon drying, UV photodis-
sociation immediately drops the adenine concentration
to an amount which balances the incoming adenine from
IDP accretion. The curves in Figure S6 do not change
drastically with increasing pond radius and depth once
a stable seasonal pattern is reached. This is because al-
though ponds of increasing surface area collect more nu-
cleobases, these ponds have an equivalent increase in area
to nucleobase seepage.
In Figure S7 we explore guanine, uracil, and cytosine
accumulation in degenerate dry environment WLPs for a
hot early Earth at 65 ◦C and a warm early Earth at 20 ◦C
(See Table 1 in main text for details). The differences in
each nucleobase mass fraction over time is caused by the
different initial abundances of each nucleobase in IDPs
(see Table S2). Although hydrolysis rates differ between
nucleobases, decay due to hydrolysis is negligible over <
10 year periods at temperatures lower than ∼70 ◦C.
In Figure S8 we turn off seepage, e.g. resembling a
scenario where a lipid biofilm has covered the WLP base,
and explore the evolution of adenine concentrations from
IDP sources. This model is displayed for a hot early
Earth at 65 ◦C and a warm early Earth at 20 ◦C (See
Table 1 in main text for details). UV photodissociation
is always the dominant nucleobase sink for the dry and
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FIG. S6. The accumulation of adenine from only carbonaceous IDP sources in cylindrical WLPs with radii and depths of 1
m. The three curves (dry, intermediate, and wet environments) differ by their precipitation rates, which are from a variety of
locations on Earth today, and represent 2 classes of matching early Earth analogues: hot (Columbia, Indonesia, Cameroon),
and warm (Thailand, Brazil, and Mexico) (for details see Table 1 in the main text). (A) The degenerate WLP models used
for these calculations correspond to a hot early Earth at 65 ◦C and a warm early Earth at 20 ◦C. (B) The degenerate WLP
models used for these calculations correspond to a hot early Earth at 50 ◦C and a warm early Earth at 5 ◦C.
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FIG. S7. The accumulation of guanine, adenine, uracil, and
cytosine from only carbonaceous IDP sources in cylindrical
WLPs with radii and depths of 1 m. The degenerate dry
WLP models used for these calculations correspond to a hot
early Earth at 65 ◦C and a warm early Earth at 20 ◦C. Pre-
cipitation rates from Cameroon and Mexico on Earth today
are used to represent the hot, and warm early Earth ana-
logues, respectively (for details see Table 1 in the main text).
The cytosine abundance in IDPs used to calculate the max
cytosine curve, matches the average abundance of guanine in
IDPs (see Table S2). The curves are obtained by numerically
solving Equation S34.
intermediate environments, therefore for this model we
only display the evolution of adenine in the wet envi-
ronment, where hydrolysis takes over as the dominant
nucleobase sink.
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FIG. S8. The no seepage limit: The accumulation of ade-
nine from only carbonaceous IDP sources in cylindrical WLPs
with radii and depths of 1 m. The two curves represent the
adenine concentrations in a wet environment pond on a hot
(65 ◦C), and warm (20 ◦C) early Earth (for details see Ta-
ble 1 in the main text). The thickness of the lines is due to
the seasonal oscillations in adenine concentrations.
In the absence of seepage, adenine concentrations can
build up in wet environment WLPs until the rate of in-
coming adenine from IDPs matches the decay rate due to
hydrolysis. Hydrolysis rates are faster at hotter temper-
20
atures, therefore maximum adenine concentrations are
higher and take longer to converge in the 20 ◦C pond
compared to the 65 ◦C pond. However, these maximum
adenine concentrations are 145 and 0.3 ppq, respectively,
which are negligible in comparison to the ppb–ppm-level
adenine concentrations reached in WLPs from carbona-
ceous meteorite sources.
Nucleobase Accumulation from Meteorites
In Figure S9 we explore the evolution of adenine con-
centration in WLPs with radii and depths of 1 m, from
1-cm fragments of an initially 40 m-radius carbonaceous
meteoroid. The models correspond to degenerate envi-
ronments on a hot (65 ◦C) and warm (20 ◦C) early Earth.
The maximum adenine concentration in the intermedi-
ate environment is ∼1.4 ppm, and occurs 16 hours after
the fragments deposit into the nearly empty pond. The
dry and wet environments allow for a maximum adenine
concentration of ∼2 ppm. Because adenine outflow from
1 cm-sized meteorites occurs in just 10 days, only ade-
nine sinks exist from 10 days onwards. As the ponds
wet, the adenine concentrations decrease exponentially,
and as the ponds dry again, the curves flatten out and
ramp up slightly before the ponds completely dry up.
When the ponds dry, UV radiation quickly wipes out the
adenine at the base of the ponds. Since the wet environ-
ment doesn’t have a dry phase, the adenine concentration
slowly diminishes in this model due mainly to seepage.
The adenine mass fraction curves in Figure S9, over a
2 year period, do not change as pond radii and depths in-
crease equally. This is because, although the mass of wa-
ter in a WLP increases for larger collecting areas, larger
pond areas also collect more meteorite fragments, which
counterbalances the water mass and keeps the nucleobase
concentration the same.
In Figure S10 we explore how initial meteoroid radius
affects the maximum concentration of adenine accumu-
lated (from its fragments) in WLPs with radii and depths
of 1 m. The maximum adenine concentration only dif-
fers by at most a factor of 8 when varying the initial
meteoroid radius from 20–40 m. This is because the nu-
cleobase mass to enter a WLP scales with the meteoroid
mass, i.e. ∝ r3.
Finally, in Figure S11 we explore guanine and uracil ac-
cumulation in intermediate and wet environment WLPs
with radii and depths of 1 m. These models correspond to
a hot early Earth at 65 ◦C and a warm early Earth at 20
◦C. The small differences between each nucleobase mass
fraction over time is due to the different initial nucle-
obase abundances in the deposited meteorite fragments
(see Table S2). Although each nucleobase has a different
hydrolysis rate (see Equation S25), the decay of guanine,
adenine, and uracil due to hydrolysis is negligible in <
10 years for temperatures < 65◦C.
Appendix A: Advection and Diffusion Model
Advection and diffusion are the two main considera-
tions of solute transport in water. Because nucleobases
will diffuse out of the pores of carbonaceous IDPs and
meteorites at a different rate than they will mix homoge-
neously in the WLP, we separate our nucleobase trans-
port model into two distinct parts. In part one, we model
the outflow of nucleobases from carbonaceous IDPs and
meteorites. In part two, we model the mixing of a local
concentration of nucleobases into a WLP.
Both parts of our simulation can be modeled with the
advection-diffusion equation below, with either one or
both RHS terms “turned on.”
φ
∂Ci
∂t
= ∇ · [Deff∇Ci]−∇ · [uCi] , (S39)
where φ is the porosity of the medium, Ci is the mass
concentration of the species, Deff is the effective diffu-
sion coefficient (often in m2s−1), and u is the convective
fluid velocity [64].
For a 1D case, where the diffusion coefficient and
fluid velocity are constant along the simulated path, the
advection-diffusion equation can be written as,
φ
∂Ci
∂t
= Deff
∂2Ci
∂r2
− u∂Ci
∂r
. (S40)
For part one of our nucleobase transport model (the
nucleobase outflow portion), we set u = 0. This is be-
cause carbonaceous IDPs and meteoroid fragments are
likely too small to attain noticeable interior pressure dif-
ferences (thus the convective velocity within these bodies
is probably negligible).
We do not consider hydrolysis in our nucleobase trans-
port model, as we only intend on estimating nucleobase
outflow and mixing timescales from these models (rather
than the nucleobases remaining after these processes).
Since nucleobase decay is uniform within the carbona-
ceous sources and WLPs, and is also very slow at WLP
temperatures (t1/2 ∼ tens to hundreds of years [15]), it
is not likely to affect the timescales of complete nucle-
obase outflow from the source or homogenization within
the WLP. A non-zero amount of nucleobases will decom-
pose during diffusion from the source, and during mixing
within the WLP. However, this is considered in the fi-
nal calculations of nucleobase accumulation within WLPs
from each source (see Sections and ).
The advection-diffusion equation also does not include
adsorption or formation reactions. However, for the dif-
fusion of soluble nucleobases from small porous environ-
ments which previously reached chemical equilibrium,
the effects of these extra sources and sinks will proba-
bly be minimal. Also, to adjust the diffusion equation
for a free-water medium, one simply needs to set φ = 1,
and Deff = Dfw.
The effective diffusion coefficient of a species is pro-
portional to, but smaller than its free water diffusion
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FIG. S9. The accumulation of adenine from 1 cm fragments of an initially 40 m-radius carbonaceous meteoroid in a cylindrical
WLP with a radius and depth of 1 m. The degenerate WLP models used for these calculations correspond to a hot early
Earth at 65 ◦C and a warm early Earth at 20 ◦C. (A) The accumulation of adenine from carbonaceous meteorites in an
intermediate environment (for details see Table 1 in the main text). The wet-dry cycles of the pond are also shown to illustrate
the effect of water level on adenine concentration. (B) The three curves (dry, intermediate, and wet environments) differ by
their precipitation rates, which are from a variety of locations on Earth today, and represent 2 classes of matching early Earth
analogues: hot (Columbia, Indonesia, Cameroon), and warm (Thailand, Brazil, and Mexico) (for details see Table 1 in the
main text). The curves are obtained by numerically solving Equation S38.
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FIG. S10. The maximum concentration of adenine accumu-
lated from 1 cm fragments of a carbonaceous meteoroid 20–40
m in radius in cylindrical WLPs with radii and depths of 1 m.
The degenerate WLP models used for these calculations cor-
respond to a hot early Earth at 65 ◦C and a warm early Earth
at 20 ◦C. The three curves (dry, intermediate, and wet envi-
ronments) differ by their precipitation rates, which are from
a variety of locations on Earth today, and represent 2 classes
of matching early Earth analogues: hot (Columbia, Indone-
sia, Cameroon), and warm (Thailand, Brazil, and Mexico)
(for details see Table 1 in the main text). The curves are
obtained by numerically solving Equation S38.
coefficient. Many equations exist for modeling the effec-
tive diffusion coefficient in porous media [65–68]. These
equations depend on variables such as the porosity, tortu-
osity, and constrictivity of the medium, which represent
the void space fraction, the curves in the pores, and the
bottleneck effect, respectively. These equations are listed
in Table S3.
Carbonaceous meteorites of type CM, CR, and CI have
average porosities of 24.7%, 9.5%, and 35.0% [70]. Based
on the relative fall frequency of these meteorites on Earth
[22], the weighted average porosity of these meteorite
types is ∼25%. Chondritic IDPs have similar porosities
to carbonaceous chondrites [61], therefore a 25% porosity
may also well represent nucleobase-containing IDPs.
The constrictivity of a porous medium is only impor-
tant when the size of the species is comparable to the
diameter of the pores [68]. Therefore given that nucle-
obases are < 1 nm in diameter and the bulk of pore
diameters in, for example, the Acfer 094 carbonaceous
chondrite, range from 20–200 nm [63], we can neglect δ
from the listed models.
Tortuosities of chondritic meteorites have an aver-
age value of 1.45 [71], and the empirical exponent m
for carbonaceous meteorites might be similar to that of
nearshore sediments with a value of 2 [68].
Finally, the free water diffusion coefficient of a sin-
gle nucleobase has not been measured, however the free
water diffusion coefficient of a single nucleotide is 400
µm2s−1 [69]. Since nucleotides are heavier than nucle-
obases by a ribose and phosphate molecule, they will
likely diffuse slower than nucleobases. Therefore 400
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TABLE S3. Different equations for modeling the effective diffusion coefficient of species in porous media. Estimates of the
effective diffusion coefficients of single nucleobases through the pores of carbonaceous IDPs and meteorites are also calculated
for each model. The free water diffusion coefficient, D0, represents the unobstructed diffusion of a species, the porosity factor,
φ, represents the void fraction of the medium, the constrictivity factor, δ, represents the bottleneck effect due to small pore
diameters, and the tortuosity factor, τ , represents the restiction in diffusive flow due to curves in the pores. Estimates of these
factors, and the empirical exponent, m, for carbonaceous IDPs and meteorites are, D0 = 4×10−10m2s−1, φ = 0.25, δ = 1, τ =
1.45, and m = 2 [68–71].
Deff Source Estimate for this work (×10−11 m2s−1)
φδ
τ
Dfw Saripalli et al. [65] 6.90
φδ
τ2
Dfw van Brakel and Heertjes [66] 4.76
2φ
3− φDfw Care´ [67] 7.27
φmDfw Boving and Grathwohl [68] 2.50
Dfw = free water diffusion coefficient
φ = porosity
δ = constrictivity
τ = tortuosity
m = empirical exponent
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FIG. S11. The accumulation of guanine, adenine, and uracil
from 1 cm fragments of an initially 40 m-radius carbonaceous
meteoroid in cylindrical WLPs with radii and depths of 1
m. The degenerate WLP models used for these calculations
correspond to a hot early Earth at 65 ◦C and a warm early
Earth at 20 ◦C. The two curves for each nucleobase differ
by their precipitation rates, which create intermediate (solid
lines), and wet (dotted lines) environments, and are from a
variety of locations on Earth today representing 2 classes of
matching early Earth analogues: hot (Columbia, Indonesia),
and warm (Thailand, Brazil) (for details see Table 1 in the
main text). The curves are obtained by numerically solving
Equation S38.
µm2s−1 is a good estimate of the lower limit of the free
water diffusion coefficient of a single nucleobase.
Using the above estimates, we calculate the effective
diffusion coefficients for nucleobases in carbonaceous me-
teorites and IDPs using each of the four models and dis-
play them in their respective columns in Table S3. The
average value of the effective diffusion coefficient across
all four models is 5.36 ×10−11 m2s−1.
As previously stated, convective velocity within the
pores of carbonaceous IDPs and meteorites is consid-
ered negligible. However, this is not the case within
1–10 m-radius WLPs. Due to the day-night cycles of
the Earth, WLPs likely experienced a temperature gra-
dient from the atmospherically exposed top of the pond
to the constant geothermally heated base. Since con-
vection is likely the dominant form of heat transport
within hydrothermal ponds [72], convection cells would
have formed, with warm (higher pressure) parcels of wa-
ter flowing upwards and recently cooled (lower pressure)
parcels flowing downwards.
The convective fluid velocity can be estimated with the
equation
u =
√
gβ∆TL [m s−1], (S41)
where g is the gravitational acceleration experienced by
the fluid (m s−2), β is the fluid’s volumetric thermal ex-
pansion coefficient (K−1), and ∆T is the temperature
difference (K) over a scale length L (m) [73]. The volu-
metric thermal expansion coefficients for water at 50, 65,
and 80 ◦C, are 4.7, 5.6, and 6.5 × 10−4 K−1 respectively
[74].
Small ponds and even lakes can experience a temper-
ature difference of 1–5 ◦C over the course of a day-night
cycle [75]. However, convection begins cycling water
well before temperature differences of this magnitude are
reached. To estimate the lower bound of a constant tem-
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perature difference between the surface and the base of
a WLP during a day-to-night period, we assume that
each convection cycle cools a surface parcel of water by
∆T . Then, given ∆T , we match the corresponding cy-
cle length and number of cycles with the approximate 12
hour period required for a 1 ◦C change in pond temper-
ature. The equation for this calculation is summarized
below.
∆T =
(
2LTc
Pdn
√
gβL
) 2
3
[K], (S42)
where Tc is the change in pond temperature over a day-
to-night period (K) and Pdn is the duration of that period
(s).
Using Equation S42, the minimum constant temper-
ature difference between the surface and the base of a
cylindrical WLP with a radius and depth of 1 m, at 65 ◦C
is ∼0.007 K. For a WLP with a radius and depth of 10 m,
this minimum constant temperature difference increases
to ∼0.016 K. However, given that smaller ponds experi-
ence greater temperature changes than larger ponds due
to faster heat transfer, a ∆T of ∼0.01 K may be a rea-
sonable lower-bound estimate for all WLPs in the 1–10
m-radius/depth range.
Given a constant temperature difference of 0.01 K be-
tween the base and surface of 1 m-, 5 m-, and 10 m-deep
WLPs at around 65 ◦C, the convective flow velocities
would be approximately 0.7, 1.7, and 2.4 cms−1, respec-
tively.
Due to the 1D nature of our simulations, we are as-
suming a radially symmetric outflow of nucleobases from
spherical carbonaceous IDPs and meteorites. We also
assume that local concentrations of nucleobases recently
flowed out of these sources will remain within a single
convection cell. Lastly, we assume that the nucleobase
homogenization timescale within a 1D convection cell of
a WLP is mostly representative of the nucleobase ho-
mogenization timescale within the entire WLP. Though
the 1D handling of this part of our model is a simplifi-
cation of advection and diffusion within WLPs, since we
are only attempting to estimate nucleobase homogeniza-
tion timescales to within a few factors, a 1D model is
probably sufficient.
For both model parts we use a backward time, cen-
tered space (BTCS) finite difference method for the dif-
fusion term in the advection-diffusion equation. For part
two of the model, we use the upwind method to approxi-
mate the additional advection term. The BTCS method
was selected over the more accurate Crank-Nicolson (CN)
method based on the former’s stability for sharply edged
initial conditions and convergence for increasing levels of
refinement. However, differences in diffusion timescales
are found to be within rounding error upon comparison
of these methods for a 100 µm carbonaceous IDP. The
upwind method was selected over higher-order advec-
tion approximation methods (e.g. Beam-Warming, Lax-
Wendroff) due to its lack of spurious oscillations, lowest
error accumulation in mass conservation tests and con-
vergence for increasing levels of refinement. These two
models are summarized in Table S4 below.
For part one of our nucleobase transport model, the
simulation frame starts at the center of the IDP or me-
teorite, and ends at the rock-pond interface. The left
(r = 0) boundary is Neumann (i.e.
∂Ci
∂t
= 0 across the
boundary), simulating zero inflow, and the right bound-
ary is open (i.e.
∂Ci
∂t
before the boundary equals
∂Ci
∂t
after the boundary), simulating outflow into the WLP.
The nucleobase content of the modeled sources are ini-
tially homogeneous, but drop sharply to zero at the open
boundary (i.e. the initial condition represents an expo-
nentially smoothed step function). This is made to rep-
resent the searing of the outermost layer of carbonaceous
IDPs and meteorites from atmospheric entry heating.
For part two, the simulation frame is an eccentric 1D
convection cell, which loops between the bottom and the
top of the WLP (length = 2rp). The convection cell is
modeled with cyclic boundaries, i.e., continuous nucle-
obase flow, and no nucleobases exit the convection cell.
The initial concentration of nucleobases is a sharp Gaus-
sian beginning at the base of the pond. The width of the
spike is ∼1% of the WLP’s radius.
Example simulations, including initial conditions, for
parts one and two of our nucleobase transport model are
plotted in Figure S12. Because the time it takes for com-
plete nucleobase outflow from a source, or complete nu-
cleobase homogenization in a WLP, is independent of ini-
tial nucleobase abundance, the solution to the diffusion
equation at each grid point is displayed as a fraction of
the total initial nucleobase concentration. For ease of
viewing, part two of the model is displayed in the con-
vection cell’s moving frame, with coordinate r′ = r - u∆t.
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TABLE S4. Summary of parts one and two of our 1D nucleobase transport model. Part one is a model of nucleobase outflow
from carbonaceous IDPs and meteorites while they lay at the base of a WLP. Part two is the mixing (i.e. homogenization) of
a local concentration of nucleobases throughout the WLP.
Part Model Description Num. Method Boundaries Initial condition φ Deff (m
2s−1)
1
Nucleobase outflow
from carbonaceous
IDPs and meteorites
BTCS
Neumann
and open
See Figure S12a 0.25 5.36 ×10−11
2
Nucleobase mixing
in WLPs
BTCS and
upwind
Cyclic See Figure S12b 1 4.0 ×10−10
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FIG. S12. Example simulations, including the initial conditions, for our two part nucleobase transport model. Each line
represents a different snapshot in time. (A) Initially homogeneous nucleobase diffusion from a 100 µm-radius carbonaceous
IDP. (B) Initially locally concentrated nucleobase mixing in a convection cell within a 1 m-deep WLP. The convection cell is
a L = 2rp eccentric loop flowing between the bottom to the top of the WLP. This loop is sliced at r
′ = 1 m in the convection
cell’s moving frame and unraveled for display in the 1D plot in B.
